Seasonal changes in the high temperature limit for photosynthesis of desert winter annuals growing under natural conditions in Death Valley, California were studied using an assay based upon chlorophyll fluorescence. All species of this group were 6 to 9°C more tolerant of high temperature at the end of the growing season (May) than at its beginning (February). Over this same time period, the mean daily maximum air temperatures increased by 12°C. Laboratory studies have demonstrated that increases in thermal tolerance could be induced by increasing growth temperature alone. For plants growing under field conditions there was also a good correlation between the thermal tolerance of leaves and the osmotic potential of leaf water, indicating that increases in the concentrations of some small molecules might also confer increased thermal tolerance. Isolated chloroplast thylakoids subjected to increasing concentrations of sorbitol could be demonstrated to have increased thermal tolerance.
sonal changes in temperature.
Our previous studies (5, 17) have demonstrated that the temperature at which Chl fluorescence begins to rise rapidly with increasing temperature, F-T2, coincides with the onset ofdamage to the capacity for photosynthetic CO2 fixation by intact leaves. The studies also demonstrated that desert winter annuals had a larger capacity for temperature acclimation of photosynthesis in response to increased leaftemperature than did summer annuals. In field studies, the thermal tolerance of desert plants sampled at different locations and times from their native environments varied within the limits of acclimation determined in the laboratory studies (S). We now report seasonal changes in the thermal tolerance of populations of desert winter annuals growing under natural conditions in Death Valley and examine some of the factors associated with this acclimation response. In particular, we have examined leaf osmotic changes which were previously shown to affect the regeneration capacity of photosynthetic vigor following high temperature treatment (7).
The capacity of plants to acclimate photosynthetic processes to differing temperatures is most notable in species from environments that expose them to a wide range of environmental temperatures (for review, see Berry and Bjorkman [3] and Downton et al. [5] ). However, there are few studies of seasonal acclimation in natural habitats that delineate the mechanisms responsible for changes in thermal sensitivity.
The influence of seasonally increasing temperature on the physiology of winter annual species of the southwestern United States deserts has received increasing attention (6, 17, 21 (17) . Leaves were detached in the field, placed into small plastic bags with moist filter paper in a dark insulated chest (25-30°C), and taken to the field laboratory. Leaf discs (0.3 cm2) were punched from the leaves, placed in an appropriately machined indentation in a brass block, and sealed with a glass microscope coverslip to prevent moisture loss. The tissue was illuminated with a very stable exciting light through an interference filter (Amax = 480 nm, 0.1 smol quanta m-2 s-'), and fluorescence was collected through a fiber optic and interference filter (Xmax = 690 nm, 12 nm band-pass) and monitored with a photomultiplier tube. The block containing the leaf disc was slowly heated at a rate of -1 .5°C min-', and the temperature of the leaf disc was monitored using a thermocouple. The fluorescence and temperature signals were recorded on an X-Y recorder yielding a plot of fluorescence versus temperature (F-T). All leaf disc fluorescence determinations were carried out in Death Valley. Laboratory fluorescence measurements using isolated chloroplast membranes were made in an identical fashion to those with leaf discs. Chloroplast membranes were isolated by slicing the leaf into 1 to 2 mm wide segments and grinding in ice-cold buffer (100 mm Tricine [pH 7.8], 5 mM MgCl, 400 mM sorbitol, 50 mm Na ascorbate, 2.5 mg/ml BSA [fatty acid free]) with a mortar and pestle. The brei was then filtered through 3 layers of Miracloth and the filtrate collected and centrifuged at 3000g. The chloroplast pellet was washed in 5 mM NaCl to rupture the chloroplasts, and aliquots were resuspended in the original buffer containing different sorbitol concentrations. The entire isolation procedure was carried out at 40C.
Gas Exchange Measurements. Determinations of the response of CO2 fixation to temperature were conducted as described by Seemann et al. (19) using a mobile gas exchange laboratory. All measurements were conducted at an irradiance of 1800 to 2000 ,umol m-2 s-' quanta (400-700 nm) provided from a highpressure metal arc lamp. The concentration of CO2 was 900 to 1000 ,il/L, nearly rate saturating for these C3 species. Leaf temperature was increased in steps from near 20°C to near 50°C, and the photosynthetic rate and time stability of that rate was noted. Considerable variability is evident in F-T values, particularly at the midseason sampling point (March 20) (Fig. 1) , and in the case of Geraea canescens the range approached 9C. Even though plants sampled (Fig. 1) were all at approximately the same elevation in the Death Valley region there could have been variation in microsite temperature. Plants of Camissonia brevipes, carefully selected to minimize differences in water potential and phenology, were sampled along two elevational gradients which extended from sea level to about 1200 m. Plants at higher elevations were 3 to 4°C less heat stable as determined by the fluorescence assay than plants at low elevations (linear regression showed a -3.1°C change in the F-T value per 1000 m; r = 0.94). Air temperature (not recorded) decreased with elevation and it should be noted that the change in thermal stability along the elevational gradient is similar to the adiabatic lapse rate over this 9Plant Physiol. Vol. 80, 1986 height. Laboratory growth experiments (5) have also confirmed that differences in thermal tolerance can be induced by differences in growth temperature.
RESULTS
Differences in plant water status, a frequent result of the diversity ofdesert microhabitats, was also investigated as a factor in the variability in temperature tolerance. G. canescens growing with ample water in our desert garden in Death Valley (4) was found to have a lower thermal stability than plants growing on natural sites at the same elevation and at the same time (Table  I) . The latter had received only natural precipitation (26 mm at the Death Valley Weather Station for the 1978-1979 season) and were at a lower water potential than the plants in the garden. F-T courses of the well watered plant in the garden and an unwatered plant in the field ( Fig. 2A) indicated that the unwatered plant was significantly more tolerant of high temperature.
Comparison of the photosynthetic responses to increases in leaf temperature ofthe watered (garden) and unwatered (field) plants (Fig. 2B) confirmed that the latter plant maintained photosynthetic activity to a higher temperature than the watered plant. Measurement of F-T and osmotic potential of several more individuals of G. canescens in the same natural area (Fig. 3) showed a highly significant correlation between the two parameters. There was no significant difference in the turgor potential of these leaves despite the wide range of osmotic potentials, indicating osmotic adjustment probably in response to water 
availability.
A more extensive examination of the osmotic potential of desert annuals in relation to high temperature sensitivity was made during the 1980 season (for each leaf examined in Fig. 1 , a determination of osmotic potential was made). There was a general decrease over the growing season in the osmotic potential for all species (Fig. 4) , with some individuals still present late in the season having osmotic potentials below -3.0 MPa. The fluorescence rise temperature shows a strong correlation with leaf osmotic potential for each species (Fig. 5) .
To examine the possibility of a direct effect of osmotic substances on high temperature sensitivity, we measured F-T values of isolated chloroplast membranes of G. canescens suspended in a medium with sorbitol concentrations ranging from 0 to 1.5 M. The chloroplasts were broken in 5 mm NaCl to assure exposure of thylakoid membranes to each particular sorbitol concentration. The results (Fig. 6) indicate that the F-T value of broken chloroplasts (and thus the thermal stability of these membrane complexes) increased linearly with the molar concentration of sorbitol in the suspending medium. The F-T of an intact portion of the same leaf (dashed horizontal line, Fig. 6 ) was 42.3C. The osmotic potential of the leaf of this well-watered plant was equivalent to the osmotic potential of 0.3 to 0.4 M sorbitol. However, the intersection ofthe fluorescence versus sorbitol line with the whole leaf F-T value in Figure 6 was at -0.9 M sorbitol, indicating that the thermal stability of the isolated thylakoids in sorbitol was lower than that of whole leaves at equal osmotic concentrations. The Pike and Berry (13) and Pike (12) have examined the phase properties of membrane lipids from several winter annuals and found the temperature for the beginning of lateral phase separation to be near or below 0°C when plants were grown at cool temperatures, while the lipids from other annual species which germinate during warmer periods have much higher phase separation temperatures even when grown at the same cool temperature. This may be related to cold tolerance of winter annuals and could be important early in the season when ambient temperatures are low (see also Downton et al. [5] ).
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